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Abstract

Time-resolved infrared (IR) spectroscopy in the 6 um region was employed to study the
excited state properties of Ru(4,4'-(COOCHCHs:),-2,2'-bipyridine)(2,2-bipyridine) and
Ru(4,4’-(COOCHCHs3),-2,2"-bipyridine)(4,4'-(CH).-2,2'-bipyridine}™ in  solution and
anchored to nanostructured thin films of 7Ti@hd ZrQ. Excited state spectra reveal a shift in
thev(C=0) of the ester groups for the free molecules in solution as well as attached to insulating
ZrO, substrates. For these molecules attached tg F#dniconductor films, a transient
absorption appears which is attributed to free electrons injected into thedn@uction band.
This absorption appears within the instrumental time resolution (ca. 30 ps) yielding an
approximate 20 ps upper limit time constant for electron transfer from the sensitizer excited state
to TiO..

I ntroduction

Since the development of highly efficient solar energy devices based on sensitizaton of
wide bandgap semiconductors, interest in the processes occurring at the molecular
dye/semiconductor interface has increased tremendously. Knowledge of electron transfer rates in
sensitized molecular photovoltaic devices is important because competition between excited state
decay, interfacial electron injection and recombination rates determine the quantum yield of
electrons transferred into the semiconductor and the overall photon to current conversion
efficiency. Information on injection rates and their controlling factors is essential for further
development of such devices, but direct measurement of these injection rates is an issue which
remains unresolved.

Numerous studies involving photoluminescénand transient visible absorbance
measurementsat the interface have been published. However, few reports of mid-infrared
measurements at the interface are kn&WwnFor metal complexes containing C=O or TN
functionalities, this technique is particularly useful because the stretching vibrations have high
oscillator strengths which give rise to strong signalsin the IR region.®* Further, the sensitivity of
the vibrations to changes in molecular and electronic structure is well established.>* For charge
transfer compounds, electronic excitation with visible light generally produces significant
changes in electron density within the molecule, which can produce intense transient infrared
absorption signals. For example, many time-resolved infrared (TRIR) studies have focused on
metal-to-ligand charge transfer (MLCT) excited states of compounds with carbonyl or cyano
ligands bound directly to the metal centers. Interpretation of excited state spectra alows



determination of charge localization in the excited state,* photoinduced electron transfer rates,®
or identification of intermediate states and products of photoinitiated reactions.*

Step-scan FTIR has recently been used to examine the excited state of Ru(4,4'-
(COOCHCH;z)»-2,2'-bipyridine)( 2,2’-bipyridine)*? (abbreviated Ru(dceb)(bpy)n acetonitrile
solution® The carbonyl group attached to the bipyridine ligand proved to be a strong indicator of
electron density changes in the MLCT excited state. With ~20 ns time resolutimCtH@)
vibration at 1731 cit shifted 26 cm™ to lower energy following visible excitation, revealing
that the excited triplet electron is localized on the ester bearing ligand. This work clearly
demonstrates the usefulness of TRIR in examining this class of compounds. Our intent was to
expand on this work using ultrafast TRIR techniques to directly measure electron injection rates
from sensitizers such as Ru(dceb)(bpy). to nanocrystalline TiO, semiconductor substrates.

Severa research groups have measured electron injection rates for sensitized TiO, using
time-resolved photoluminescence (TRPL)." Using this indirect method, the injection rate is
calculated from the difference in 1/t (where 1 is the sensitizer excited state lifetime) on a
semiconductor surface and on an insulating substrate where electron injection does not occur.

The method assumes that the difference in lifetimes on the insulating and semiconducting
surfaces is due solely to electron injection, which is difficult to establish. Further, the observed
kinetics are complex, deviating significantly from exponential behavior and often requiring
severa fitting parameters.! Time constants obtained by this method vary widely: <7 ps for
Ru(dch)»(H20),?*, (where dcb = 2,2'-bipyridyl-4,4'-dicarboxylate), 172 ps for the trinuclear
compound Ru(dch)CN-Ru(bpy»(CN)]2, and 5 ns for Ru(dch(ppy)>".*®

Recently, Durrant and cowork8rgeported results from sub-picosecond transient
absorption measurements of the electron injection rate for Ry(N&H)/TiO,. This was also
an indirect measurement, as the measured transient arises from the oxidizedti®u This
species is formed primarily through electron injection but also appears if impurities, solvent, or
other species present are reduced by the dye excited state. In addition, interpretation of the
extracted kinetic rates is complicated by competing absorption of thexRited state (RU).

At the wavelength explored for kinetic measurements (750nm), light absorption 'by Ru
contributes roughly 50% of the total signal. This presents a particular difficulty with
subpicosecond measurements, as the Rustate is formed in hundreds of femtoseconds for

the related Ru(2,2'-bipyriding)noleculé and is expected to be similar for Ru(d¢N)CS).

To our knowledge, only one report exists difect measurement of electron injection
rates from ruthenium polypyridyl sensitizers to semiconductors. Kamat and coworkers time-
resolved the appearance of electrons in sensitized &mDZnO by the growth of a microwave
absorption featur®. The growth kinetics agreed well with the fast component of a bi-exponential
luminescence decay. Unfortunately the time resolution of the microwave absorption experiment
was limited to 3.5 ns, and weak signals prevented analysis of the injection rate for sensitized
TiO..

In this Letter, we present the results of picosecond TRIR studies conducted iprthe 6
region applied to Ru sensitizers in solution and at,Zafd TiQ interfaces. This experiment
allows one to examine the nature of the surface anchored MLCT excited state as well as to
directly measure the rate of electron injection from the sensitizer excited state,to MO
addition, the performance of an HgCdTe array detector for TRIR spectroscopy is compared to
6 um probe light upconversion into the visible region using CCD detection.



Experimental

Sengitizer Preparation 4,4’-(COOCHCHj3),-2,2-bipyridine (dceb) was prepared from
commercially available 4,4’-(COORR,2'-bipyridine (Aldrichf by the method of Maerker and
Case'® The ligands 2,2-bipyridine (bpy) and 4,4'-(@k+2,2"-bipyridine (dmb) were used as
obtained from Aldrich. Standard procedures for the preparation of ruthenium tris-chelates from
RuCk hydrate (Aldrich) were followed; and products were purified by recrystalization from
dichloromethane/diethyl eth&r. Dichloromethane (DCM) was dried over molecular sieves and
filtered prior to use in synthesis or spectroscopy.

Sample Preparation Transparent Ji@nd ZrQ films were prepared from colloidal
solutions? and deposited on the unpolished side of one-side polished28afm diam. 3 mm
thick windows (International Crystal Laboratoris)Film adhesion to the rough surface is
acceptable, transmittance in the mid-IR is > 60%, and light scattering is minimal when the
window is assembled in a cell filled with solution. Sensitizers were anchored {®TKO,
surfaces by soaking in ~ 5 mM DCM solutions for 24 hours. For solution experiments,
sensitizers were dissolved in DCM at a concentration of 3-5 mM to give OD 0.5 to 0.8 for the
1731 cm* ester CO stretch in a 2.5 mm pathlength CaF, windowed cell. For surface anchored
studies, one or both windows of the cell were replaced with a sensitized TiO, or ZrO, coated
window, with 0.8 mm window separation. The cell wasfilled with dry DCM. Desorption of the
sensitizer into solution over the course of an experiment was insignificant.

TRIR Spectrometer The pump-probe broadband IR spectrometer has been previously
described in detail.'®* Generation of probe light near 6 pm is accomplished by difference
frequency mixing of two 10 Hz amplified synch-pumped dye laser pulses. The first dye laser uses
LDS 751 in MeOH and no birefringent plates to produce broadband 25 pJ, 20 ps pulses at
750 nm. The pulses are amplified to 125 pJ in atwo stage dye amplifier (LDS 751) pumped with
3 mJof Nd:YAG second harmonic pulses. The second dye laser uses a mixture of Rhodamine
640 (0.3mM) and Oxazine 720 (0.2mM) in MeOH and a three-plate birefringent filter to produce
20 pJ, 20 ps pulses at 655 nm, again amplified in a two stage dye amplifier (LDS 698) to 150 pJ.
Difference frequency mixing of the two synchronous dye pulses in a AgGaS, crysta (2 mm
thick, 72°) produces ~ 25 cm™* fwhm probe pulses tunable over the range of 1600 - 1800 cm™.

The probe beam is split to provide parallel sample and reference beams of approximately 1 mm
diameter at the sample.

Two methods of detection were used to analyze the intensity and spectral content of the
light transmitted by the sample. In the first method, the transmitted probe beams are
independently upconverted with two 50 pJ pulses of 1.06 nm in a second AgGaS; crystal (2 mm
thick, 50°). The upconverted pulses contain the frequency-dependent transmission information
of the IR probe but shifted to approximately 900 nm. The pulses are dispersed onto a 384 x 578
pixel CCD by a 0.22 m double monochromator using 1200 groove/mm holographic gratings.
Alternatively, direct detection of the IR probe light was achieved by dispersing the two probe
beams onto a 256 x 256 pixel HgCdTe (MCT) array detector via a 0.20 m single monochromator
with a 70 groove/mm ruled grating. Due to the limited angular acceptance of the AgGaS; crystal,
we could only achieve a useable probe bandwidth of ~ 25 cm™ fwhm. Thus the spectral data are
collected in several steps, overlapping successive probe regions by about 10 cm™.

The 532 nm pump beam was ~ 2 mm diameter at the sample and consisted of 800 pJ,

30 ps fwhm pulses. Pump-probe delay was computer controlled by an optical delay stage with
1 pm resolution in the pump line. The instrumental response function was measured from the
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single-sided cross correlation of the IR probe with the visible pump pulse impinging on a Si
wafer as described earlier’®. Transient difference spectra are calculated as the logarithm of the
average normalized transmission with the pump pulse blocked (typically 2000 shots) divided by
the average normalized transmission with the pump on.*®

Results and Discussion

The FTIR ground state spectrum of Ru(dceb)(bpy), in DCM shown in Figure 1(a)
displays an intense absorption band at 1731 cm™ attributed to the ester C=0 stretching mode.
Figure 1(b) displays the infrared absorbance difference spectrum 35 ps after the visible excitation
pulse. The bleach of the ground state absorption band is readily apparent as is a new absorption
shifted ~24 cm™ to lower energy. These features appear within the time resolution of the
instrument (~30 ps) and remain for at least 4 nanoseconds, consistent with subpicosecond S; —
T intersystem crossing and submicrosecond T; — S excited state relaxation as is characteristic
for this class of MLCT compounds.”** The results are in agreement with those recently obtained
with 20 ns resolution by step scan FTIR for the same molecule in acetonitrile.® Spectra obtained
for the sensitizer Ru(dceb)(dmb), are nearly identical, except for an additiona transient
absorption at 1620 cm™ which overlaps a ground state feature and displays increased intensity
but little or no frequency shift in the excited state. This transient is perhaps attributable to an
increased dipole moment associated with structural changes in the bipyridine C-C stretching
mode.

One common method of attachment of ruthenium polypyridyl derivatives tg TiO
involves dehydrative covalent bonding of bipyridyl carboxylic acids to the oxide stiface.
However, carboxylic acids can form hydrogen bonded dimers in solution, leading to complicated
IR spectra having two or more peaks in the C=0 region. The compounds in this study with the
ethyl ester ligand (dceb) give a single C=0 absorption and also bind tenaciously,tandrO
TiO,. We presume that the binding mode is O=C-O-Ti, however the exact nature of the surface
linkage is unknown and several structures (A-D) are possib@nly the ester linkage (A) has
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two inequivalent carbon-oxygen bonds and is expected to display the higher energy asymmetric
stretch. The smak 5 cm™ shift in v(C=0) upon binding indicates a minor perturbation of
electronic structure by the semiconductor substrate and suggests that the mode is ester-like.

Since our intention was to use TRIR techniques to probe the electronic nature of the
sensitizer/semiconductor interface, we first examined ZrO, which has similar surface and optical
properties to TiO, but the conduction band is approximately 1 eV higher in energy than TiO,.*°
This property inhibits electron transfer from the sensitizer excited state to the substrate. In this
way we hoped to study the nature of the surface anchored excited state in the absence of electron
injection, in which case the excited state electron density and TRIR spectra are expected to
closely resemble those in solution. In fact, the TRIR spectrum of Ru(dceb)(bpy)./ZrO, shown in
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Figure 2 displays bleach and absorption transients very similar to those in the solution
experiment (see Figure 1b), although the peak separation increased to approximately 36 cm™ and
the absorption band is broadened. These results are summarized in Table 1.

Table 1. Ester v(C=0) stretching frequencies in the electronic ground and MLCT excited state
with frequency shifts Av.

Sample FTIRAbs  Detector  bleachmax, absmax, Av,cm™
+1cm™ +3cm™ +3cm™
Ru(dceb)(bpy). in DCM 1731 CCD 1731 1709 —22
L MCT 1731 1707 24
Ru(dceb)(dmh)in DCM 1730 CCD 1734 1707 27
Ru(dceb)(bpyyZrO, 1725 MCT 1728 1692 -36
Ru(dceb)(bpy/TiO, 1726 - e e e

Ru(dceb)(bpy) was also anchored to nanocrystalline Ji®ms in order to directly
measure the rate of electron injection. Based on an estimated 1 ns injection time constant from
TRPL measurements for the related sensitizer Ru(4,4’-(C@@&)bipyridine)(bpy},*® we
expected to observe an initial shift in(C=0) to lower energy (as found for
Ru(dceb)(bpyyZrO,) followed by nanosecond relaxation as the electrons are transferred,to TiO
However no bleach or shift of the ground state FTIR absorbance was observed. One possibility is
that the C=0 absorbance change on going frothtBWRU" upon electron injection is smaller
than the 2 mOD detection limit. We note that in the step-scan FTIR experiment of Chen et al,
when Ru(dceb)(bpy)was photolyzed in the presence of the electron acceptor methyl viologen,
AAbs was approximately 1/5 of the excited state absorbance changeead, a broad positive
absorption featur@\Abs = 0.02) appears across the 1600-1800"aegion with no apparent
relaxation on the nanosecond timescale. Based on previous spectroscopic studies of both
electrochemically and thermally reduced TiO,, this attenuation (absorption and/or reflection)
arises from free electrons in the conduction band.'” Figure 3 displays the growth of the free
electron signal obtained at 1650 cm™* as a function of time. Also shown for comparison is the
normalized response of a Si wafer also excited at 532nm. The transient signal in Si is attributed
to the instantaneous generation of free carriers upon excitation, and gives the integrated cross
correlation of the pump and probe pulses. The similar shape of the Ru(dceb)(bpy)./TiO;
response indicates that the appearance of electrons in TiO, occurs within the resolution of our
apparatus. Convolution of a slower response allows a conservative 20 ps upper limit to be placed
on the electron injection time constant. While it would be ideal to have higher time resolution,
even this upper limit allows us to calculate a minimum injection quantum yield, ¢, based on
competition between electron injection, Kinj, and sensitizer excited state decay, kp+. The excited
state decay rate is assumed to be similar to that reported for the nearly identical compound
Ru(dceb)(dmb)(bpy).*®

Kiy 50x10°s™

= = >0.99
Nk, +kp  50x10°s™ +13x10°s™
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This result is encouraging in that it suggests that very short-lived sensitizers (i.e. T = 1 to 10 ns)
should give high injection yields, provided that the interfacial energetics are similar.

It is interesting to compare the data quality obtained by the two different detection
methods. While the IR absorption difference spectra shown in Figure 1(b) are qualitatively very
similar, the data obtained by direct detection with the MCT array has a lower SN ratio. The
advantage of CCD detection lies in its inherently low background noise, typicaly less than 30
counts per pixel. With appropriate background subtraction, baseline noise levels of + 2 mOD
occur for an average of 4000 laser shots. Background noise, large dark counts and thermal
fluctuations in the MCT camera (at 77 K) limit the noise level to £ 5 mOD. While CCD
detection requires inefficient nonlinear conversion of the IR probe light into the visible, the low
CCD background noise resultsin arespectable S/N level.

Conclusions

We have developed a direct IR transient absorption method for measuring rates of
interfacial electron transfer in sensitized semiconductor systems. This approach is particularly
advantageous in that with proper selection of probe wavelength, it is sensitive to only the transfer
of electrons into the semiconductor and not to interference by sensitizer excited state absorption
changes. Analysis of the signal growth allows a lower limit to be placed on the rate of electron
injection for Ru(dceb)(bpy)2/TiO,, k > 5.0 x 10" s*. These results show that high interfacial
electron injection yields can be achieved for this class of sensitizers, as well as those with shorter
lifetimes, leading to efficient photovoltaic devices.
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Figure 1. (@) Ground state FTIR absorption spectrum of Ru(dceb)(bpy). in dichloromethane
(DCM). (b) IR difference spectra for Ru(dceb)(bpy). in DCM 35 picoseconds after visible
excitation at 532 nm. The filled data points were collected using upconversion of the 6 um probe
light into the visible region for CCD array detection. The open data points were obtained via
direct IR detection using aHgCdTe array. Other details are given in the text.
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Figure 2. IR difference spectrum for Ru(dceb)(bpy). anchored to a ZrO, thin film in contact
with dichloromethane. Detection isviaaHgCdTe array 35 ps after 532 nm excitation. The solid
line is a multi-point smoothed fit to guide the eye.
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Figure 3. Absorbance difference at 1650 cm™ as a function of probe delay time for Si in air
(open symbols, relative A Abs) and Ru(dceb)(bpy). anchored to TiO, (filled symbols, absolute
AADs). Pump energy (at 532 nm) was reduced from 800 pJ tol5 pJ for Si to produce a similar
maximum absorbance change and prevent absorbance saturation. The dashed line is a nonlinear
least squares fit to the S pump-probe cross-correlation. The solid lines are the responses
expected for first-order growth time constants convoluted with the cross-correlation function.
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